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As this symposium iUustrates, molecular genetics has brought about a dra- 
matic unification within the biological sciences. The abiUty to sequence genes, 
and to infer the amino acid sequence of the proteins they encode, has revealed 
unanticipated relationships between proteins encountered in different con- 
texts. As a result, there is now a general blueprint for ceU function that pro- 
vides a common conceptual framework for several, previously unrelated, dis- 

• — : ^^ir#»l/-»nm*»nf rpll hioloffV. and 

cipunes: gcucuo>, uiuviitimoLi v, ^ ^ - ■ - 

neurobiology. A paraUel and potentially equally profound unification is occur- 
ring between neural science, the science of the brain, and cognitive psy- 
chology, the science of the mind. The abiUty to study the neuronal basis of 
mental fiinction is providing a new impetus fc^^^mining c^giitivejp^^^ 
such as perception, action, language, learnihg7and^rneriidryrTo wh 
can these two independent and disparate strands be brought together? Can 
molecular biology enlighten the study of mental processes? In this brief review 
we oudine the possibility of a molecular biolqgy cf a^itim, using as examples 
several simple forms of memory and learning in invertebrates and vertebrates. 



LEARNING IS NOT A UNnARY MENTAL FACULTY 
BUT HAS AT LEAST TWO MAJOR FORMS 

One of the major conceptual advances of recent cognitive psychological 
studies is the finding that learning is not a unitary faculty of the mind, but 



261 



262 



ANNALS NEW YORK ACADEMY OF SCIENCES 



consists of at least two distinct mental processes (for review, see Ref. 1): 
learning about people, places, and things (explicit or declarative forms of 
learning), and learning motor skills and perceptual strategies (implicit or pro- 
cedural forms of learning). These two major forms of learning have been local- 
ized to different neural systems uathin the brain. Explicit learning impor- 
tantly involves regions within the temporal lobe of the cerebral cortex, 
mcluding the bippocamptis, whereas implicit learning involves onlv the specific 
senson' and motor s\^tcms recruited for the particular perceptual or motor 
skills utilized during the learning process."* As a result, implicit learning can 
be studied in a variety of reflex systems, including those of invertebrates such 
as Apfysia, Lhnax, Hemiissenda, and DrosophilaM By contrast, explicit forms 
of learning arc best studied in mammals."-^ 

The finding of two phenot\^pically different forms of learning raises the 
question: To what degree do they shaire common molecular steps.^ One clue 
to shared mechanisms comes from the study of memor\' storage, that is, the 
retention of information acquired through learning. Memory for both im- 
plicit and explicit forms of learning has stages, and is commonly divided into 
at least two temporally distinct components: short-term memory that lasts 
mmutes to hours, and long-term memor\' that can last days, weeks, or even 
years. Studies of memor\^ storage for both implicit as well as explicit learning 
indicate that both involve a switch or consolidatwn mechanism that appears to 
have common features. In both cases the consolidation of memory from a la- 
bile short-term form to a stable, self-maintained long-term form requires the 
induction of genes and proteins. With both implicit and explicit memor>' a 
transient application of inhibitors of mRNA and protein synthesis selectively 
blocks the induction of long-term memory without affecting short-term 
memory. A simi!;»r .nnMrarion of inhibitor has no effcLi un che mainte- 
nance of long-term memory once it is established. 

What genes and proteins contribute to the consolidation switch that turns 
on the long-term process? To what degree are they conserved in the two major 
forms of learning? Here, we first describe the in^ghts^atjaygjlsea-gl^ 
fi-om studies of elementary forms of implicit learning in Aplysia and Dwsophfla. ' 
We then briefly consider long-term potenriation (LTP) in 'the hippocampus, 
a type of synaptic plasticity that is thought to contribute to explicit forms of 
memory storage in mammals. 



SENsrrizAnoN of the 

GILL-WrraDRAWAL REFLEX IN APLYSIA: 
AN IMPLICIT FORM OF LEARNING 

The molecular mechanisms contributing to implicit memory storage have 
been most extensively studied for the gill-withdrawal reflex of the marine 
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snail, Aplysia calijbmica. As is true for other defensive reflexes, the gill- 
wnthdrawal reflex can be modified by several different forms of learning. We 
will focus here on only one: sensitization. 

Sensitization is a form of learning in which an animal learns to strengthen 
its reflex responses to previously neutral stimuli following the presentation ot 
an aversive stimulus. When Aplysia is presented with a noxious stimulus to 
the tail, the animal recognizes the stimulus as aversive and learns to enhance 
its reflex response to an innocuous stimulus applied to the siphon. The du- 
ration of the consequent memor\' is a fiinction of the number of sensitizing 
stimuli applied to the tail.^^ A single noxious stimulus to the tail produces 
short-term memor\^ The resulting enhancement of the withdrawal reflex lasts 
for minutes and does not require new protein synthesis. By contrast, four 
or five noxious stimuli to the tail produce long-term memor>' lasting one to 
fw^o davs, which requires new protein synthesis. Further training leads to an 
even more enduring memory reflected as a reflex enhancement lasting several 
weeks. 

A number of key components of the neural circuit for the gill-withdrawal 
reflex have been identified. Sensitization leads to modification of several of 
these (Fig. 1). One site that has been studied extensively is the monosynaptic 
connection between the sensory and motor neurons. This connection carries 
a representation of both short- and long-term memory, which is expressed as 
an enhanced release of transmitter from the synaptic terminals of the sensor\' 
neurons (presvnaptic facUitation) (Fig. 1). The molecular steps leading to en- 
hanced transmitter release activated by short-term memory involve a phos- 
phor>4ation cascade mediated by cyclic AMP and protein kinase Ai6.i7 as 
well as protein kinase C.^7-i9 Long-term memory leads to enhanced trans- 
micrcr release by lucuus uf cAivlP-iiicdiaLeu gcnc expression. 

The monosynaptic component between the sensory and motor neurons of 
the gill-withdrawal reflex can be reconstituted in dissociated cell culture. This 
has allowed a more detailed analysis of the mechanisms involved in presynaptic 
facilitation of transmitter release. Thg[CC onstitutcddrcuitJinQili^ undergo^ 
presynaptic fecilitation in response to serotonin (5-HT), a-neuromodulator 
released in vivo during sensitizing stimulation applied to the tail.^^'^^^^^"^^ As 
with behavioral sensitization, the amplitude and duration of the synaptic 
facilitation in vitro is a function of the number of applications of 5-HT. A bnef 
pulse of 5-HT or cAMP produces a short-term fecilitation lasting only min- 
utes; 4 or 5 pulses of 5-HT or cAMP separated by 20-min intervals elicit a 
long-term fecilitation lasting more than 24 hours. As with behavioral sensitiza- 
tion, long-term fecilitation requires RNA and protein synthesis during a brief 
critical time window that corresponds to the period of 5-HT application. 
One hour after the last 5-HT application, long-term fecilitation is no longer 
susceptible to disruption by inhibitors of RNA or protein synthesis. This 
consoUdation period evident on the ceUular level, during which long-term fe- 



4 



ANNALS NEW YORK ACADEMY OF SCIENCES 

cilitation is capable of being blocked by inhibitors of protein and RNA syn- 
thesis, corresponds to the consolidation phase of long-term memory. This 
finding of an elementary cellular representation of consolidation allows us to 
ask: What is the molecular nature of memory consolidation? 
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LONG-TERM FACILITATION IS ASSOCIATED WITH THE 
SYNTHESIS OF "EARLY" AND "LATE" PROTEINS 

Since long-term synaptic plasticity', like long-term memory, requires pro- 
tein synthesis during a consolidation period, Barzilai etaL^^ first analyzed the 
proteins synthesized in Aplysia sensor)^ neurons after exposure to sensirizing 
trainin^^. thev found that both behavioral training and application of 5-HT 
or cAMP induce a sequence of early and late changes in protein synthesis, con- 
sistent with the consolidation period's being a rime during which a cascade 
of gene expression is activated, allowing early regulator)^ proteins to control 
the expression of late effector genes (FiG. 2). The eady proteins have the fea- 
tures of immediate-early gene products. Their expression is rapid (within 15 
to 30 min), transient, and dependent on transcription. The immediate -early 
senes encode not only effector proteins, but also regulatory proteins such as 
transcriprion factors that act on later effector genes. 

cAMP-DEPENDENT GENE EXPRESSION IS REQUIRED FOR 
LONG-TERM FACILITATION 

The data from Barzilai et aL suggested that repeated application of facili- 
tator)' neurotransmitter activates not only cytoplasmic second messengers, 
but also a cascade of early and late genes whose products are required for 
long-term svnapric plasticit^^-'^ How does cAMP activate transcription? 
What immediate -eariy genes are acrivated by 5-HT and cAMP? What are the 
late effector genes? Studies by Bernier «/.-^ and Bacskai etaL^^ showed that 
ct-rf^rr^n\rs icrinrr t^e scnsop/ Heurop-S, stimulatcs th*: synthesis of cANlP, 
which acrivates the protein kinase A (PKA) catalytic subunit by binding to 
the regulator)^ subunit. By imaging the free catalyric and regulator)' subunits 



FIGURE 1. Presynaptic facilitation underlies sensitization of the gLll-withdrawal reflex in 
Aplysia. (A) Sensitization is produced by a noxious stimulus to the tail of Aplysia, Senson' neurons 
innervating the tail excite fecilitating intemeurons, some of which use serotonin (5-HT) as their 
transmitter. Inhibitory and excitatorv intemeurons make synapses with the axonal termmals of 
scnsorv neurons from the siphon skin, where they enhance transmitter release by presynaptic fe- 
cUiration. (B) Postulated biochemical steps during presynaptic facilitation in the sensory neuron. 
5-HT enhances transmitter release bv binding to a receptor that eng^ a G-protem, which in- 
creases the activitv of adenylvl cyclase, thereby increasing cAMP levels in the presynaptic rerminaJ. 
cAMP activ'ates the cAMP-dependent protein kinase (PKA) by releasmg the enzyme's catalytic 
subunit from its complex with the rcgulatorv subunit. The catalytic subunit phosphorylates 
channeU, thereby decreasing the K* current, prolonging the action potential, increasing Ca 
influx through N-typc Ca^* channels, and augmenting transmitter release. In addition, 5-HT 
also increases the availabiliu' of transmitter by mobilizing vesicles to a relcasabic pool near the 
active zones where release occurs (pathway 2). This second pathway involves both PK.\ and pro- 
rein kinase C (PKC), which is activ'arcd by 5-HT via a G-prorein that aaivares a phosphohpasc 
(PLC) that produces diacvlglvcerol in the membrane. Diacylglycerol then stimulates PKC- 



ALBERINI et aL : CONSOLIDATION OF LONG-TERM MEMORY 



267 



of rK.\, Bacskai etal. found chat a single pulse of 5-HT increases the free cat- 
alytic subunit concentration in the cytoplasm of the sensor\' neuron and espe- 
cially in the presynaptic terminals (Fig. SA).^^ With repeated pulses of 5-HT, 
the catalytic subunit translocates to the nucleus of the sensorv' neurons (FiG. 
3A),-^ where it appears to phosphorylate one or more CREB-related tran- 
scription fectors that activate cAMP-inducible genes, -' -^ In fact, Dash et ai 
and Kaang et ai found data suggesting that one of the substrates of protein 
kinase A is a CREB-like protein that binds to the cyclic AMP response element 
(CRE) (Figs. 33 and 3C). By injecting oligonucleotides containing somato- 
statin CRE into sensor}' neurons, Dash et ai blocked long-term facilitation 
without affecting short-term facilitation (Fig. 38), showing that CRE-binding 
proteins are critical for expression of long-term facilitation. Kaang ^r«/.-^ ex- 
pressed in the sensor\' neurons of Aplysia a chimeric transacting factor con- 
sisting of the mammalian CREB activation domain fused to a GAL4 DNA- 
binding domain. This fusion protein was able to transacnvate the reporter 
gene (chloramphenicol acetyltransferase) in response to repeated 5-HT appli- 
cation (Fig. 3C). They then tested whether endogenous phosphor\^larion by 
PKA was required for the induction of this transacting activiw. They com- 
pared the activity of the wild-type chimera CREB-GAL4 to a mutant chimera 
(CREB-GAL4 SA 119) in which the residue serine 119 (essential for the ac- 
tivity of mammalian CREB), was substituted with an alanine, and found that 
this substitution abolished the ability of 5-HT to induce the transacting ac- 
tivity of CREB-GAL4. In addition, they found that the kinase essential for 
this activity is likely PKA, since a mutation that inactivates only the PKA phos- 
phorylation site (the substitution of arginine 117 with an alanine) but leaves 
the CaM kinase consensus site intact blocked the 5-HT-dependent transacti- 
vation (FiG. 3C). TAen LOgeLlici, ilicSc uaia \ii\\Ay iiiai CREB-iclatcd tran- 
scription factors are required for long-term facilitation and are activated by the 
PKA-dependent phosphorylation induced by 5-HT. 



ApC/EBP IS AN IMMEDCVTE-EARLY GENE INDUCED 
DURING THE CONSOLIDATION PHASE OF 
LONG-TERM FACILITATION IN APLYSIA 

To understand which cAMP-dependent transcriptional events are activated 
during long-term facilitation, we next focused on cAMP-regulated transcrip- 
tion fectore. Some of die transcription factors known to be activated by cAMP 
belong to a femily known as CCAAT enhancer-binding protein (C/EBP). A 
member of tiiis family, C/EBPi3, is expressed in the rat pheochromocytoma 
PC12 cell line, where it has been shown to be activated by cAMP and to regu- 
late the expression of the c-jbs gene by binding to the sequence ATTAGGACAT 
(enhancer response element, ERE) in the c-jbs promoter. Since nerve cells 
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FIGURE 3AI. Gradient in [cAMP] in Aplysia senson- neurons after uniform bath application 
ot serotonin (5-HT). A single, cultured Aplysia sensor\- neuron was microinjected with FICRhR. 
Disdtal fluorescence imat?ps are the result of simultaneous acquisition of two confocal single- 
u-avelength emission ima^s (500 to 530 nm and < 560 nm) at a plane just above the glass sub- 
stream. After subtraction of background, a ratio was calculated (short over long wavelength), and 
the image was pseudocolored from blues to reds, which correspond to low to high ratios and 
low to high concentrations of free cAMP (scale on r^ht in /iM cAMP). (A) Before treatment. 
(B) After uniform bath application of 50 /iM 5-HT, a striking gradient of [cAMP] develops be- 
tween the ceU bodv and the distal processes. The increase in [cAMP] persisted with some habit- 
uation while 5-Hf remained in the bath (C through E), but after 5-HT was washed away (F), 
[cAMP] returned to near control levels (A). 



FIGURE 3A2. Translocation of C subunit of cAMP-dependent protein kinase into and out of 
the nucleus. A single neurc»n was microinjected with FICRhR and imaged at a plane 20 to 30 
fim above the cover slip (A). The nucleus excluded the labeled protein and was therefore not 
fluorescent; the cytopton, however, was vcryj) nght4n. d exhibited negligible coriccntrations of 
cAMP. (B) Soon aftef^licalibn of757tM foSkbtihf^";! rnNrisobut>Mmethykahthine (IBMX), 
and 20 /tM 5-HT to raise intracellular [cAMP], the fluorescence ratio increased in the c\toplasm, 
although the nucleus remained dim. (C) The nucleus became brightly fluorescent 2 hours later. 
This apparent high [cAMP] in the nucleus is an artifact generated by entry of C subunits and 
exclusion of R subunits, causing a fluorcscein/rhodamine ratio higher than that caused by disso- 
ciated holoenzvme. (D through F) Single-wavelength images of fluorescein fluorescence (distri- 
bution of C subunit) from the corresponding images of (A) through (C). Confocal sections at 
difltrent planes of focus (not shown) confirmed that the C subunit entered the nucleus and was 
not just concentrated around its pcriphcr>'. The R subunits stayed mostly or completely within 
the cvtoplasm, as determined by excitation of rhodamine alone (not shown) or by red pseudo- 
color of nucleus in C. (G) The same ceil was washed and allowed to recover overnight. The emis- 
sion in the cytoplasm fell to low levels, indicating rcconstitution of holoenzyme, and the nucleus 
was ag^n relatively devoid of fluorescence. Blue patches probably represent degradation of protein 
still labeled with rhodamine. (H) After treatment with 25 forskolin and 0.5 mM IBMX, the 
fluorescence ratio increased, showing that, after more than 12 hours in a cell, much of the 
FICRhR was still responsive to changes in [cAMP]. (I) Nuclear translocation could be obser\'ed 
again after an additional 1.5 hours of stimulation. 
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of Aplysia contain specific binding actixity toward ERE, Alberini etal.^^ used 
the ERE to isolate a clone that displayed specific binding activity' toward 
C/EBP DNA binding elements. The protein sequence inferred from the DNA 
sequence corresponds to a 286-amino acid polypeptide wdth the characteristic 
basic region-leucine zipper (b-zip) domain at the C-terminus that is highly 
homologous to the b-zip domains of the C/EBP family members. The se- 
quence of the genomic ApC/EBP showed that in the 5' region of the gene 
a nonpaJindromic CRE site is present (ApCRE) 19 bp upstream fi-om the puta- 
tive TATA box. This site may represent a regulator)' element recognized by 
CREB-like DNA binding proteins. 

ApC/EBP IS REQUIRED FOR LONG-TERM FACILITATION 

Where is ApC/EBP expressed.^ How is it regulated," Does it have a role in 
learning-related synaptic facilitation-^* To address these questions, we first in- 
vestigated the expression of ApC/EBP by determining its mRNA concentra- 
tion in untreated or 5-HT-treated animals. The level of ApC/EBP expression 
was undetectable in untreated CNS, but it increased significandy after a 2-hr 
exposure to 5-HT, 8-Bromo-cAMP, or forskolin (Fig. 4A). 

The induction of mRNA ApC/EBP by 5-HT is rapid. It is detectable 
within 15 minutes after exposure to either treatment (FiG. 4B). To determine 
whether this rapid induction is caused by the direct action of a consritutively 
expressed factor, we examined the action of 5-HT on ApC/EBP mRNA in the 
presence of protein synthesis inhibitors (anisomycin or emetine). In the pres- 
ence of a protein synthesis inhibitor, 5-HT caused a superinduction of the 
ApC/EBP mRNA (Fig. 4A), indicating that ApC/EBP transcription is induced 

t T 1 \ \ rT\ '--.--.l!-^- ^ -.1 . ^1 I.. — „ „ „ „ J 

UV O-n. 1 ajiu v^rvivir uil iiiiiiicui»iLC-Cdiiy ^^n^ via a \-vjiiatii.LiLi v^^iy ^-.vj^n^oovv* 

transcription factor. We therefore next investigated the effects of blocking the 
activity of ApC/EBP on short- and long-term facilitation of sensory-motor syn- 
apses in reconstituted monosynaptic circuits using three different approaches. 
First, we interfered^vvj^^the binding^of_rii^^i,^n{moi^^ to its DNA 
binding element by injecting ERE 'oligoriuclebtides that compete for the 
binding activity of the endogenous ApC/EBP to its target sequence in the nu- 
cleus of the sensory cells. Second, we blocked specifically the synthesis of en- 
dogenous ApC/EBP by injecting ApC/EBP antisense RNA into the sensory 
cells. Third, we blocked the binding activity of ApC/EBP to its DNA target 
sites by injecting into the sensory cells a specific antibody able to disrupt the 
binding of ApC/EBP and its target sequences. We found that all of these con- 
ditions blocked long-term facilitation (Fig. 5). By contrast, the injection of 
the same molecules had no effect on short-term facilitation (Figs. 5 A3, B3, 
C3). These data show that the binding of ApC/EBP to its target DNA se- 
quences is required in order to induce long-term facilitation lasting 24 hours. 
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FIGURE 4. Induction of ApC/EBP mRNA. (A) ApC/EBP mRNA expression in CNS of un- 
treated Aplysia^ of Aplysia treated in vivo with the indicated drugs for 2 hr at 18 °C, or dissected 
without treatment and kept at 18°C in culture medium. Four independent experiments are 
shown, in which 10 pj^ of total RNA extracted from CNSs of untreated (-) or treated Aplysia^ 
as indicated, were electrophorcsed, blotted, and hybridized with -^^p-labeled ApC/EBP {top) or 
S4 {bottom) probes. The latter encodes the Aplysia homologue of S4 ribosomal protein, ^9 which 
is conscitutively expressed and used as a loading control. 0 indicates RNA extracted immediately 
after dissection of Aplysia CNS. Two-hour dissection represents RNA extracted trom Aplysta CN5 
dissected and incubated in culture medium for 2 hr at 18°C. (B) Time course of ApC/EBP 
mRNA induction following 5-HT treatment. Times of treatment are indicated. Five ^g of total 
RNA extracted from total CNS of in vivo treated Aplysia were analyzed as described in (B). 



How long does the transcription factor need to be active? One possibility 
is that the binding of ApC/EBP to its target sequences is required throughout 
the maintenance period of the facilitation. Alternatively, the long-term fecil- 
itarion may become self-perpetuating as a result of subsequent expression of 
stable, effector genes. To distinguish between these hypotheses, we injected 
ERE oligonucleotides into sensory cells at various times bom 1 to 12 hours 
after giving five pulses of 5-HT. We found that the blocking effect of the 
specific oligonucleotide was progressively reduced when the injection was per- 
formed at longer intervals after the training, .v^th facilitation no longer 
affected by the injection at 12 hours after the training (FiG. 6). Therefore, the 
induction of ApC/EBP during the 5-HT treatment leads to the activation of 



274 



ANNALS NEW VORK ACADEMY OF SCIENCES 



C 

g 

CO 



o 

(0 



n 
o 
sz 



CO 

< 



c 
'c 

I- 

< 

CO 
C\J 



C\J 

< 



g 3 3 S 
(aeueip %) apniiidiue dSdS 



•a J + 



m I + 



„ Q Q HW 
^ UJ * < 



H kWWWWW 




a 






n 


1 — LWWWWW 




o 








H— KWWWWW 






t 1 1 T ' ' '■' I 


- - ■■ r 





S 8 3 9 S 
(e6uBqo %) epmildiuB dSd3 



+ 



si + 

I + 



I 




o 

O 





] 


1' 




1- 




X 


X 






uj*o 






CC X 


CC X 




UiU) 


UJlO 



3aii03"ionNOono 



i5 5ii-5|i|t. 
it I H ill 

S " S 5 X J ^ -I !^ .1 
3 ^ « •= ^ I 

^ !— E H ^ v. ~1 

.= "7 rr — 
^ ir. 1^ y o ^ _ -J tj 




si si 

_ c 



^' — ■ T ■■'^ — u u u - 
c u I y c * - c '-^ 

^ ^ ^ = ? >,i: -r c 

C w . 5b I Cj u O c 

- i^^ ^1 1 

= - — ^ V £ '-^ = 3 
•T^ ^ X ^ <; zn 'J , , c 

I n • C '^ C ~ ^ " h 



: y 3 = P ;i 
' :^ ■= y - 



: ■= ^ " S 2?-^ ii 2 « .3i 



.9--- u: 



5 •£ :^ _ 



y .-^ s ^ £ < = < 
FT" '-^^ *2 ^ « ^ < ■> c 

ft( C 5DT3 .ti rt rt *-t w ? .= 



V:'f'^ ■ 



lY OF SCIENCES 



275 



(t? + 



I I 



UJ •« < 

2 -»g 



^ - ? y c ^ 

^ - t - g ^ ^ = 
< -I = = i: -f ^ ^ ^ 




5 = t; ib^ S 3 V 5 H 

X £ ^ I 5 .H H ^ 2 S 1 
-2 -S ^ w E 2 2 « 



Q 3 ^ w 2 — U ^ 

_^ i_ sjQC^ acres'!) « 



J^^J ^ S 3 ^ S f . r 



2 -£ -| -c B o ^ c ^ c 




S « 3 ii H o a c- w y -J 
^ c c ^ ^ 

t: "3 s fO 



t> ^ .3 



ALBERINI CONSOLIDATION OF LONG-TERM MEMORY 

-i ^ y 1 1 s I ^ 



-r- 



»n I + 



CO 

CD 



8 S 3 ^ 

(eBuBip %) epmilduJB dSd3 




-I \ Q ,-5 

i 5 



UJ 

<</) 



cruJ 

CO 





CM 




in 


. — ^^^^^^^^^ 


o 


1 \ r 1 1 ■ 


1 1 



<<2 



■= ^ £ '5 g " ? _ 

.U , = ^ C ^ 

^ §1 ^ "^ ^ ' 



a. I iJ ^ r 




3 ^ = c: ^ '3 3 

H ^ 1^ S S = < ^ 

»A = Z :§ 3 *r S d 

^ z ^ « St '3" 

< £ ^-V o 2i -3^ H u 

3 2 r- -T ^ 



3 t-^fj y^ ^-^ 

^ S = S ^-Z o " J Z = 



c 
o 
o 



X 
10 



^5 

com 



1-3<"l:1 ii< II I 

•= 5 2 H ^ 5 ^ 2 i .g) u 

•I i S i £ g i gx* o 



276 ANNALS NEW YORK ACADEMY OF SCIENCES 



\\\\\\\\\^ 



< 



I + 



CO 

O 



8 S S S 8 * 
(eSuBMO %) epmitdure clSd3 

















3^ - 



cc + 



I I 



o 



(GDUBip %) epnj!|duje dSda 




O 



AQOailNV 



•= ^ : 5 

3 M u ^ 

M § 1 X -I 
= 5 i = 

I ^ ii ^ V 

= 3 ^ -3 " 



C .5P C 
c t3 



00 5 

c 5 



^ u 
^ « = 

- y 



C ,i <N ^ -3 ^ £ 



1 ^ 1 s = ■ 

.t: (N .t; = ± •- 



■ « C P « 



5 - "3 



* - - [2 n 'J is v 



w g C — ^ ,1 

!l Hi 1 = 

= £i •= .= £ i= ^ 



8 lis B 



^iz-y i 

.= -5 ^ io S " 
: y ^ 0 



3^ 



_ -5 r ? = ■ 

< h v-' '^ri *j 
e ^ Q = 

0 i = j2 3 5 'S 

w £ v H ^ 
- - a. ^ S " 



^ W U 

V- V) U 



3^ l> O Sr 



p 2 s u :^ 



'3 £i - . 



•2 £ < "S. ^ -l; ^ 

S « = s > ^ 
« -t; ? ^ 

D - ;j y Y ^ 



E 

.u aQ 

•- -= s 

< bO 

n\% 

E t; ^ ^ 
= — d c c 



ALBERINI ct al.: CONSOHDATION OF LONG-TERM MEMORY 



277 



Q. 

E 
m 
Q. 
w 

Q. 
UJ 



120 



100- 



80 



60 



40 



20 



I 



T 

iil 



-20 
INJECTION 

5x5HT 
TREATMENT 



n=7 n=l5 



n=6 n=16 n=7 n=8 
+1hr +6hr +9hr +12hr 



FIGURE 6. Time couree of ERE effect following 5-HT treatment. Bar ^ph represents the 
percentage of change ±SEM in EPSP amplitude recorded 24 hr after five pulses of 5-HT from 
cocultures injected with ERE oligonucleotide at the indicated times after the end of 5-HT 
applications. 



a cascade of self-perpetuating transcriptional events essential for the late phase 
of long-term facilitation. 

^_^^iP-DEPENDENT GENE EXPRESSION IS A MOLECULAR 

LONG-TERM FAdLITATION IN APLTSIA 

A schematic summary of the molecular events contributing to short- and 
long-term presynaptic facilitation is shovi^n in Figure 7, The binding of sero- 
tonin to its surface receptors activates adenylyl cyclase, which catalyzes the 
synthesis of cAMP. cAMP binds to the regulatory subunit of the cAMP- 
dependent protein kinase (PKA), leading to the activation of its catalytic sub- 
unit. PKA acts on at least two classes of substrates to produce facilitation of 
the transmitter release. First, it phosphorylates K'*' channels or associated pro- 
teins, which leads to a reduction of the outward current and results in a 
broadening of the action potential and increased Ca^"^ influx into the presyn- 
aptic neuron. Second, PKA also seems to act directiy on the machinery in- 
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FIGURE 7. Schematic model of the activ'ation pathwa\'s involved in Apiysia short- and long- 
term sensitization. Sec text for discussion. 



,,^Ur^A rU^ ^^vrvrvtnrir release of transmitter. These modifications take place 
in the presynaptic terminals and lead to short-term facilitation. 

With repeated or prolonged application of 5-HT, the PKA catalytic sub- 
unit translocates to the nucleus, where it acts on nuclear substrates which ap- 
pear to include transcription factors of the CREB/ATF family. Thus, the ac- 
^Bvity^^F^RE-binding proteins is necessary for long-term facilitation. 

Transcription is the key event leading to long-term facilitation and the ac- 
companying structural changes. This transcription-dependent phase includes 
the rapid induction of the transcription &ctor ApC/EBP, an immediate-early 
gene. This suggests that the induction of long-term facilitation requires the 
activation of a cascade of gpnes with consritutively active proteins regulating 
the expression of immediate-early genes, one of which is the transcription 
factor ApC/EBP. In turn, the early regulatory genes will likely lead to the ex- 
pression of late target genes. The switching on of a self-maintaining mechanism 
by immediate-early genes explains why the characteristic protein synthesis- 
dependent phase is brief: the induction of regulatory fectors is the limiting 
step that allows the expression of late phase events. In addition to regulatory 
factors, early effectors also arc synthesized during the consolidation phase. 
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Among these effectors is the C-terminal ubiquitin hydrolase that seems to par- 
ticipate in the proteolytic cleavage of the PKA regulator)' subunit, main- 
taining the enzymatic activity of the catalytic subunit in the absence of a 
cAMP increase.^*^^^ 

.\lthough PIC\ enzymatic activit)' is necessary' for the first 10 hours fol- 
lowing repeated 5-HT application, it is not maintained. The late phase is 
characterized by morphological changes. Morphological studies have shown 
that structural changes appear within 1 hr after 5-HT or tail-shock training^ 
and persist for days or weeks. Moreover, the decay of these structural changes 
seems to parallel the decay of behavioral memor\'.^^*^ 

What molecular mechanisms underlie the formation of new synaptic 
connections? The synaptic growth is associated with a down regulation of 
NCAM-related apCAiVIs on the surface membrane of the sensor)' neuron. 
Downregulation is achieved by activation of the endosomal pathway leading 
to internalization and apparent degradation of apCAM.^^ Aplysia expresses 
wo tvpes of isoforms, a transmembrane form and a phosphoinositol-iinked 
form. Which of the two types of apCAM isoforms is internalized? To address 
this question, Craig Bailey, Bong-Kiun Kaang, and their colleagues selectively 
expressed epitope-tagged constructs of the two isoforms in cultured sensory 
neurons. By combining thin-section electron microscopy with gold-conjugated 
antibodies they have found that serotonin elicits a 68% decrease in the density 
of gold-labeled complexes bound to the transmembrane form of apCAiM at 
the surfece membrane, and a 24-fold increase in their internalization. By con- 
trast, serotonin has no effect on either the surface distribution or internaliza- 
tion of the phospharidylinositol-linked isoform of apCAM. The selective inter- 
nalization of the transmembrane form highlights the potential regulatory 
significance of its intraceiiuiar domain, which coniiuus a PEST sequence 
(thought to mediate protein degradation) and has two consensus sites for 
xMAP kinase phosphorylation. Deletions of, or mutations in, the cytoplasmic 
tail should allow determination of which part of this molecule triggers inter- 
.nalization and which part targets degradation. 



IMPLICIT FORMS OF LEARNING IN DROSOFHILA 
ALSO USE CREB AND THE cAMP CASCADE 

Drosaphih show classical conditioning to olfactory cues paired with shock. 
Several single gene mutants have been isolated that cannot learn the task al- 
though their behavior is otherwise normal. Two mutations have been ana- 
lyzed in particular detail and each involves a step in the cAMP cascade. 
Dunce involves a defect in the cAMP phosphodiesterase, whereas rutabagu is 
defective in the calcium-cahnodulin-dependent adenylyl cyclase. Expression 
of an inhibitor of PKA using a heat-shock promoter also blocks the learning. 
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Recently, Tully etal. *^ have shown that spaced training gives rise to a long- 
term memor>' that lasts at least seven days and is blocked by inhibitors of 
protein synthesis. This long-term memory is selectively blocked by the heat- 
shock-induced expression of a dominant negative inhibitor of CREB, a CREM- 
like transcription repressor. Thus, several forms of long-term memory for 
implicit forms of learning require CREB- and cAMP-induced gene expression. 

IMPLICIT AND EXPLICIT FORMS OF LEARNING SHARE 
SOME COMMON MECHANISMS 

The studies in Aplysia suggest that the switch from short-term to long- 
term memory for simple reflexive forms of learning involves the induction by 
cAMP and CREB of a set of immediate eady genes that participate in the 
grow^th of new synaptic connections that underlie the long-term process. Is 
there a similar molecular switch for memory consolidation in the mammalian 
brain that might contribute to the establishment of long-term memory storage 
for more complex explicit forms of learning? 

Studies in humans and experimental animals have indicated that structures 
within the temporal lobe, such as the hippocampus, are particularly critical 
for explicit memory storage.'^ Are there cellular mechanisms within the hip- 
pocampus for storing explicit forms of memory? In 1973 Timothy Bliss and 
Terry Lomo fim demonstrated that neurons in the hippocampus have remark- 
able plastic capabilities of the kind that would be required for learning.'*^ A 
brief, high-frequency train of action potentials in any one of three neural path- 
ways within the hippocampus produces an increase in synaptic strength in 
that pathway that can last for hours or days. This strengthening is caiied mi0- 
tcrm potmtiation or LTP. 

LTP in the mammalian hippocampus shares some of the mechanisms used 
for synaptic facilitation in Aplysia. One form of LTP, called mossy fiber LTP, 
-occurs at synapses between the dentate gyrus granule cells and CAS pyramidal - 
cells, and primarily involves a cAMP-de pendent enhancement of transmitter 
release from the presynaptic terminals (Fig. 8). By contrast, Schaffer collateral 
LTP in CAl is much more complex. Its induction involves calcium influx into 
the postsynaptic cell through the NMDA receptor channel and the recruit- 
ment in the postsynaptic cell of several second-messenger pathways involving 
tyrosine kinases, protein kinase C, and calcium/calmodulin kinase 11. In ad- 
dition to these inductive steps in the postsynaptic cell, Schaffer collateral LTP 
also involves an enhancement of transmitter release from the presynaptic 
neuron. This enhanced release is thought to be mediated by one or 
more retrograde messenger signals (perhaps nitric oxide or carbon monoxide) 
that diffuse from the postsynaptic cell to the terminals of the presynaptic 
neuron. 
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Similar to the presynaptic facilitation in Aplysia^ both mossy fiber and 
Schaffer collateral LTP have distinct temporal phases, indicating that both 
short- and long-term memory have a cellular representation. There is an early 
phase produced by a single tetanic stimulation that lasts 1-3 hours and re- 
quires only covalent modification of preexisting proteins. In addition there 
is a late phase induced by repeated tetanic stimulation that persists for many 
hours, and is dependent on protein and RNA synthesis, and on PKA activity 
(Fig. %).^^~^^ As is the case with behavioral memory and presynaptic fecili- 
tation in Aplysia^ there is a consolidation switch on the cellular level, and 
this requirement for transcription in LTP also has a critical time window. 
Since the late transcription-dependent phase of LTP is blocked by inhibitors 
of PKA,'^^''^ this suggests that in mammalian LTP as in Aplysia presynaptic 
fecilitation cAMP-inducible genes need to be expressed (FiG. 8). Consistent 
with these findings, Bourtchuladze ^ a/.^^ have found that mice that have a 
knockout of several critical CREB isoforms have a defea in LTP in the CAl 
region that affects the late phase of LTP preferentially. These mice have normal 
learning and short-term memory of context conditioning, a hippocampal- 
based learning task, but they selectively lack long-term memory. 



AN OVERALL VIEW 

One of the key unifying findings emerging ftom these molecular studies 
is that the genetic switch for hippocampal LTP, required for explicit forms of 
learning, seems to share important similarities with that utilized in Aplysia and 
in Drosophila, Thus, molecular studies of cognition arc revealing, on a mech- 
anistic level, previously unsuspected simiiariries bcrwccn uiucrciu classes of 
learning, and sugg^t the interesting possibility that a common set of genetic 
mechanisms may be involved in a variety of learning-related long-term en- 
hancements of synaptic transmission. 

^^ri^data -ia.^/)(akimply thatichese-.mechanisms include activation --of ^ 
immediate-carly gpnes. Analysis of immediate-early gene expression in verte- 
brate brains has shown that many immediate-early genes are strongly induced 
in hippocampus and certain regions of the neocortex by treatments that lead 
to long-term potentiation. ^^'^^ It is now dear that CREB participates in 
hippocampal-based plasticity and long-term memory for explicit tasks. It will 
be of further interest to investigate whether cAMP-dependent immediate- 
early genes, perhaps of the C/EBP femily, arc also required for long-term 
neuronal plasticity in mammals. 

The apparent conservation of some steps in th^ molecular mechanisms for 
long-term synaptic plasticity may reflect the &ct that long-term memory 
storage commonly involves structural changes. Thus, in Aplysia the self- 
sustaining long-term process is expressed in the growth of new connec- 
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